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I. INTRODUCTION 


A. MOTIVATION 

The development of a new initlative in remote sensing of 
the spatial and spectral properties of infrared (IR) 
radiation is the primary motivation for this thesis 
research. The specific technological discipline is called 
infrared imaging spectroscopy. The IR wavelength band has 
been studied for many years. Many types of instrumentation 
exist for either IR imaging or spectroscopy, but proficient 
devices that are capable of performing both functions at 
once are uncommon. Such a hybrid-type of technology should 
benefit many facets of remote sensing, especially in 
surveillance/target signature identification as well as in 
scientific fields of study, like infrared astrophysics. 

The author's thesis advisor, D.S. Davis has been the 
developer of state-of-the-art IR spectroscopic 
instrumentation for an extended period. He has fielded 
several infrared spectroscopic devices, one of which is 
currently deployed aboard NASA's Kuiper Airborne Observatory 
(KAO). 

A proposed successor to the KAO, to be called SOFIA -- 
Stratospheric Observatory For Infrared Astronomy, is under 


early stages of development by NASA. SOFIA will be a 


modified Boeing 747 jet aircraft carrying a Nasmyth, three 
meter, open-port telescope supplied by the Federal Republic 
of Germany. Designed to "address fundamental questions in 
galactic and extragalactic astronomy and in the origin and 
evolution of the Solar System" [Ref. 1], Sofia will far 
surpass the airborne observation capabilities of the KAO. 
The new focal plane instrumentation to be outfitted on SOFIA 
is expected to have ten times the point source sensitivity 
and three times the angular resolution of its predecessor. 
Scientists believe SOFIA will be capable of studying the 
entire lifecycle of the stars and planets by examining 
infrared emissions of different phases of the interstellar 
medium. 

Davis' principal contribution to KAO research has been 
in the development and use of a cryogenically-cooled 
infrared multiplexing Fourier transform spectrometer. The 
spectrometers that are to fly aboard SOFIA will need to take 
advantage of its augmented sensitivity to increase their 
spectral resolving powers where needed. 

Further developments in spectrometer design will be used 
on SOFIA, including an innovative optical multiplexing 
technique for infrared imaging being pursued by Davis 
[Ref. 2]. This technique is based on the use of orthogonal 
function encoding of entire images at once, rather than on 


traditional raster scanning methods. 


Davis [Ref. 2] proposes that a unique state-of-the-art 
imaging/spectroscopic system can be developed that will take 
advantage of Fourier spectroscopic methods to image in both 
the spatial and spectral domains simultaneously. Davis 
believes extreme sensitivity and versatility can be achieved 
on a platform such as SOFIA. If successful, the imaging 
spectroscopic system could also significantly impact such 
areas of infrared remote sensing as passive surveillance and 


target signature identification. 


B. THESIS GOAL 

The goal of this thesis is to provide the initial design 
and testing of a precision, closed-loop, servo drive system 
that will, eventually, rotate and position the orthogonal 
function encoding masks in Davis' imaging/spectroscopic 
system. This effort was basically proof-of-concept in 
nature. The shaft position encoder mechanism used in this 
particular study was an inexpensive digital opto-mechanical 
encoder, known from the start of the project to lack the 
resolution necessary for use in the eventual prototype 
instrument. The next generation position encoder will be a 
high resolution phase-locked loop analog encoder. This new 
encoder will comprise the work of a future thesis study. 
Thus, the project did not set out to achieve extremely 
sensitive positioning standards, but rather to establish a 


performance baseline to which a more precise position 


encoding system could be retrofitted and refined. This 
effort will lay the groundwork for future experimentation 
leading to the development of high speed and resolution 
infrared spectroscopic imaging instruments using this servo 


drive system to its fullest potential. 


II. NATURE OF THE EXPERIMENT 


A. SYSTEM OVERVIEW 

This thesis involved the design and prototyping of a 
closed-loop (feedback) motor servo drive system in support 
of the development of a new initiative in the field of 
infrared remote sensing. Davis [Ref 2] proposes to use a 
rotating disk to contain the imaging encoding masks in his 
new instrument, a sketch of which is provided in Figure 1. 
To maximize the data acquisition rate, a motor servo must 
rotate an ensemble of masks into the image path and position 
the mask rapidly, with a high degree of accuracy. 

The proposed motor servo drive system is comprised of a 
high torque, direct current motor mechanically attached to a 
shaft angular position encoder. The signals from the shaft 
encoder are fed through an electronic feedback circuit to 
produce an amplified, negative feedback signal. The circuit 
is designed to have the capability for an analog voltage 
positional signal to be added to the feedback signal, 
thereby altering the steady-state operating point of the 
closed-loop system and, hence, the motor's preferred lock-on 


position. 


Figure 1 
ipl 


The servo drive motor is powered by a high power 
operational amplifier in order to achieve extremely stable, 


fast and accurate response to an input position signal. 


B. SERVO DRIVE REQUIREMENTS 

An optimal servo drive must satisfy several performance 
criteria, some of which are mutually contradictory. This 
state of affairs forces compromises in the engineering 
design. Below are listed general considerations in the 
design of a servo drive system. 

1. Frequency Bandwidth 

A powerful electric motor is a substantial inductive 

load. The response of an inductive load at different 
frequencies changes as a result of phase shifts between the 
input voltage to the voltage across the inductive load. The 
feedback system must be designed with this in mind. The 
most difficult perturbation to a servo system would be its 
response to an abrupt change in its input voltage, such as a 
square wave. A square wave contains an infinite number of 
harmonic frequencies to which the servo system must respond 
accordingly. The ideal response to a square wave input 
would be, of course, an instantaneous motion of the motor 
that would track the square wave exactly. 

2. Torque Considerations 

In order to accelerate the inertial load attached to 


the motor shaft, including both the external mechanical load 


and the motor's intrinsic moving parts, the motor must be 
able to produce substantial torque. Torque is produced in a 
direct current motor by a current passing through a series 
of coil wires in a strong magnetic field. A forceful motor 
response is very important when changing the angular 
velocity of the motor, for example, accelerating from a 
stop, or reversing direction while rotating. 
3. Friction 
The servo motor must be relatively free of friction 
to ensure maximum speed can be attained in with minimal 
torque by the motor. Minimal friction ensures that the 
torque required for system response over a broad band of 
frequencies is directly proportional to motor current. This 
results in a simple linear system that is capable of 
responding to a wide variety of inputs, including the square 
wave mentioned above. 
4. Accuracy 
To be useful in accurately positioning the motor 
shaft to a desired angular location, the servo drive 
feedback system must have sufficient gain to move the 
attached load in response to the slightest feedback signee 
even in the presence of some inevitable friction. 
5. Stability 
The system must be stable at the heightened gain 


condition required for accurate control, that is, not be 


subjected to high frequency oscillations while continuously 
seeking to lock on to the preferred position. Stability is 
also affected by the high frequency phase shift produced by 
the inductance of the motor coils. It is possible to have a 
condition in which the input stimulus is 180° out of phase 
with the motor coil voltage, causing an unstable, runaway 
motor response rather than the desired tracking of the input 


signal. 


III. EXPERIMENTAL PROCEDURE 


A. GENERAL APPROACH 

The general approach taken on developing a servo system 
satisfying the aforementioned performance criteria was 
broken down into five phases. The first phase of the 
development was a mathematical modeling of a DC motor system 
to a given input stimulus. The next phase involved the 
circuit parts selection and design. The third phase was the 
development of individual electronic subsystems within the 
servo system on a prototyping breadboard. The forth phase 
was the fabrication of a hard-wired version of the 
electronics mounted on a sturdy platform. The fifth and 
final phase was the testing and performance evaluation of 
the finished system. 

The following sections of this chapter detail the 


methodology of the effort involved in each phase. 


B. MATHEMATICAL MODELING OF SYSTEM PERFORMANCE 
1. Background 
a. Feedback System Analysis 
A servo system is basically a closed-loop, 
negative feedback system that uses, at the very least, both 
electronics and electromechanical components in portions of 


the closed feedback loop. Before getting into specifics 
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regarding the composition of the servo system, a general 
description of the components which comprise a generic 
closed-loop (feedback) control system would be useful. 
According to DiStefano, Stubberud, and Willlams 
[Ref. 1:p. 3], a closed-loop control system is one in which 
"the control action is somehow dependent on the output." 
They also define feedback as the characteristic of a closed 
loop system which enables the system output to be compared 
with the input so that the necessary control action may be 
constructed as a function of the output and input. The 
following figure is a block diagram of a feedback control 
system adapted from DiStefano, Stubberud, and Williams 
[Ref 3:p. 13]. 
The following definitions, also adapted from 
DiStefano, Stubberud, and Williams [Ref 3], apply to the 
components of the block diagram: 
e The plant, also known as the controlled system, 
is the item or process that is to be controlled. 
e The control elements, also known as the 
controller, are the components which generate the 
appropriate control signal to the drive the 


plant. 
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Figure 2 
Feedback Control 8ystem Block Diagram 
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e The feedback elements are the components required 
to form the functional relationship between the 
feedback signal and the controlled output. 

e The reference input is the external signal 
applled to the feedback control system to execute 
a specified action of the plant. 

e The plant generates an output that is controlled. 

e The feedback signal, also known as the loop error 
signal, is the signal which is a function of the 
controlled output. The feedback signal is 
algebraically summed with the reference input to 
obtain the actuating signal. 

e The control signal is the quantity or condition 
which the control elements apply to the plant. 

e A disturbance is the undesired influence or 
perturbation signal which affects the value of 
the controlled output. 

The terms defined above can be related to the 
servo system designed in this thesis. The plant to be 
controlled is the angular position of a motor shaft. The 
control signal is the current produced by a high power 
operational amplifier. The feedback elements are a shaft 
position encoder, an encoder analog conversion circuit, and 
a preamplifier circuit. The reference input will, in future 
upgrades to the servo system, be generated by computer 


though the use of a digital-to-analog conversion board. For 


L3 


prototyping purposes, a signal generator provided the 
reference input. The controlled output is the DC motor 
shaft position. The disturbance is any undesirable external 
perturbation that would cause the shaft angular position to 
deviate from the nominal, des iveageentigqurat em The 
relationships to the other defined terms above are obvious. 
b. Brief Review of Direct Current Motor Theory 

A direct current motor is described by Kuo [Ref. 
4:p. 167] as a "torque transducer that converts electrical 
energy into mechanical energy." The torque is produced by 
the interaction between a uniform, radially oriented 
magnetic field generated by a collection of permanent 
magnets and the current traveling in the armature coil wire. 

Kuo [Ref. 4:p. 172] states that it can be assumed 
in modeling a DC motor that the torque developed by the 
motor is proportional to the magnet-armature air gap 
magnetic flux and armature current. In order to achieve a 
large torque from the motor system, substantial current must 
be maintained on the motor. 

c. Electrical Analysis of Motor Circuit 

The electric current flowing through the motor 
circuit is subjected to an impedance comprised of both 
resistive and inductive terms. In addition, the rotation of 
the armature coil through the magnetic field of the 


permanent magnets generates a "back" electromotive force 
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(emf). The equivalent electric circuit can be modeled as 


shown in Figure 3. 


vb = Kf 





Figure 3 
Electrical circuit model of DC motor 


d. Mechanical Influences on System Performance 

There are many similarities between the 
electrical and mechanical impedances in the motor circuit. 
Whereas the product of a resistive constant (resistance) and 
electron flux (current) results in a force (voltage) in the 
electrical sense, the product of a friction constant and 
shaft velocity on moving parts of the motor system causes a 
force in the mechanical sense. 

In addition, much like the reactive load in the 
motor windings discussed above, the performance of the servo 
drive system is influenced by inertial loads from rotating 


masses internal and external to the electric motor. 


pS 


2. Solution of Differential Equation 

Both electrical and mechanical components of the 
influences on the performance on a DC motor can be combined 
in a single differential equation describing the system 
reaction to a given force (voltage). The mathematical model 
employed in deriving the theoretical performance in the 
servo drive system was adapted from DiStefano, Stubberud, 
and Williams (Ref. 3: p. 107] and Kuo (Ref. 4: p. 171]. The 


following definitions will be used throughout this analysis: 


i- Electrical current through the motor circuit. 
L - Motor inductance 
R - Motor winding electrical resistance 


K, - Proportionality constant applied to shaft 
rotational velocity to derive back emf voltage. 


K, - Proportionality constant applied to current in 
motor windings to derive torque output of motor. 


v, - Back EMF resulting from the rotating armature 
Equivalent to K,de/dt. 


8 - angular position of the motor shaft. 

T - torque generated by motor. 

B - total viscous friction from all moving parts. 
J - Total inertial load (motor and load). 


< 
I 


voltage impressed on motor. 

It is significant to note that Kuo includes an 
additional term T (t) in his development of the differential 
equations. According to Kuo, T (t) represents the torque 


that the motor has to overcome in order to have motion, 
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i.e., as a result of static friction. This term creates a 
great difficulty in formulating a solvable differential 
equation, as it cannot be considered as a linear term.  Kuo 
States that it is set to zero after presenting the same 
Laplace transform of the time dependent form of the 
differential equation that is offered below. The term is 
therefore also left out of the mathematical model in this 
thesis. 

With the above considerations in mind, the 
differential equations of the motor armature circuit and the 


inertial load are 


Motor Armature Inertial Load 
di de ae de 

KA L — = v. = K, — and E A 8s (1) 
dt dt dt? dt 


The Laplace transform of the two equations in (1), 


with initial conditions zero, is 


(R + sL)I = V - K,se and K,i = (Js? + Bs)e. (2) 


A simultaneous solution of the equations in (2) to 


establish a transfer function between V and 8 is 


8(s) K, 
m o =s mms (s (3) 
V (s) (Js* + Bs) (Ls+R) + K,K,s 
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After rearranging terms in equation (3), an 


alternate form of the transfer function is 


8(s) K,/JL 
= —  -nÓ Ë-sRÜ37/% ç? A) 
V (s) s[s° + (B/J + R/L)s + ((BR*K,E,) /JL) ] 





The next step in solving the differential equation 
entails breaking the quadratic term in the denominator into 
the product of two expressions. Without going through the 
algebraic manipulations, the quadratic term can be replaced 


with 


BL+RJ+X* ELTRJ X: 
—— J: 2 De 


s + 


, (5) 














2JL 2JL 


where X - [(BL-RJ)* - 4JLK,K,]. 

At this point, the transfer function is in a form 
that can be solved using usual inverse Laplace 
transformation methods. To reduce confusion in the solution 
of the equation, the following substitutions will be made. 

BL + RJ [(BL-RJ)? - 4JLK,K,]* 

Let A= — and C = ———————————— . (6) 
2JL 2JL 

Equation (4) can therefore be represented in the 


following form, 


K, V(s) al 
6(s) = — a —-—- — : (7) 
JL sS (S+A+C) (s+A-C) 
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Employing the method of partial fraction 


decomposition, equation (7) can be expanded to 


K, V(S) x Y Z A 
e O — — . 
i JL S  (StA*tC) (s+A-C) 


The method to determine x, y, and Z is tedious but 

algebraically straightforward. The solutions are 
al 1 1 
— ——, xem — , Y = : a i: (9) 
(A? - C2) 2C(A+C) 2C(C-A) 

Combining equations (8) and (9), the transfer 
function is presented in a form capable of being converted 
back to the time domain. The relationship between © and V 


1s 




















K, V(s) K, V(s) 
@8(s)= | —— — | — Lr + | ———,r P M 
JL(A?-C?) S 2JLC(A-TC) (s+A+C) 
(10) 
K, V (s) 
2JLC(C-A) (s+A-C) 








Inverse Laplace transformation of equation (10) to 


the time domain is 














Fe Š K -(A+C)t 
8(t)= | ———— sn .n. V(t)at + | —— — || V(t)xe 
JL(A?-C?) 0 2JLC(A+C) 
ac ——À veneer] aoe 
2JLC (A-C) 
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Variables A and C are as defined in equation (6). 
The system response is thus found to be the sum of three 
terms. One term involves an integral over the time in which 
the voltage is applied to the motor, while the other two are 
the convolution of the voltage applied to the motor and an 
exponential term describing the response of the system. The 
numerical solutions of the equation given various stimuli 
required the use of the commercial equation-solving program 
called MathCAD. 

Equation (11) was entered into MathCAD version 2.0 
using hypothetical values close to those measured for the 
actual motor used in this thesis. The results of MathCAD can 
be found in Appendix A. The predefined units documented at 
the last page of the MathCAD calculation were tracked by 
MathCAD throughout the calculation to ensure the correctness 
of the equations. 

The convolution of the applied voltage with the 
system response terms was the difficult part to the MathCAD 
setup. However, noting that the convolution of two terms in 
the time domain is equivalent to the multiplication of their 
Fourier transforms made the time domain solution of the 
equation relatively simple. The Fourier transform of the 
terms were calculated and multiplied by MathCAD. The 
inverse Fourier transform was then taken of the product. 

The initial results obtained from this process did 


not, however, turn out to be accurate.  MathCAD apparently 
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applies a multiplication factor equal to the reciprocal 
square root of the number of samples taken in the Fourier 
transform. It apparently multiplies the inverse Fourier 
transform by an identical factor. In the convolution 
calculation, however, two frequency domain quantities are 
multiplied and then their product is inverse transformed 
back to the time domain. The net effect was that the 
MathCAD output was improperly scaled by the factor described 
above. This improper scaling is evident in the final 
MathCAD calculation of the second and third terms of 
equation (11). 

The graph provided on the second page of the MathCAD 
printout shows the motor response (no feedback) to a voltage 
pulse of arbitrary length. The quadratic shape of the 
response curve while the voltage is applied is typical for 
the acceleration of the motor. The ringing in the output is 
apparently the result of the motor internal inductance 


reacting with the self-inductance back emf term, v,. 


C. SYSTEM DESIGN 
1. Motor Selection 
A Clifton Precision Model DH-3250-C-1, high torque 
permanent magnet servo motor was selected from the Herbach & 
Rademan Company in Philadelphia, Pennsylvania. The motor 
was chosen because it would run on 12 volts direct current, 


had dual shafts, was easily mountable, and could be run at 
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12 amperes maximum current. The only documentation 
available for the Clifton Precision servo motor was the 
catalog specification. A copy of the catalog specification 
ls provided in Appendix B. 
2. Power Operational Amplifier Selection 
A National Semiconductor Model LM12 150 Watt 
operational amplifler was chosen to power the servo motor. 
The operational amplifier was chosen because it could 
deliver 10 amperes (bipolar) from a wide range of supply 
voltages. A specification sheet of the LM12 operational 
amplifier can be found in Appendix C. 
3. Power Supplies 
Two Power-One Model HD24-4.8-A 24 volt DC power 
supplies were chosen to drive the entire system. The power 
supplies could each deliver 4.8 amperes of current, and were 
avallable from the National Stock System. A specification 
sheet for the Power-One 24 volt power supplies can be found 
in Appendix D. 
4. Cage Design 
A sturdy metal cage was needed to house the motor 
and to provide the means to mount a shaft position encoder 
wlthout allowing any mechanical flexure between the motor 
and encoder. The cage design was set forth on the drawing 


found in Appendix E. The material for the cage was 
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standard shelving, heavy-gauge angle sheet steel with bolt 
holes prepunched for easily assembly. 
5. Shaft Position Encoder 
A Clarostat Model 601V opto-mechanical shaft encoder 
was chosen because it provided an inexpensive means to begin 
the design of the servo subassembly. It requires only 5 
volts DC, and provides TTL logic output in quadrature (90° + 
45° ), as shown in Figure 4, at a rate of 128 pulses per 
channel per revolution. The only information available for 
the Clarostat shaft encoder is the catalog specification. A 
copy of the catalog specification for the shaft encoder is 
found in Appendix F. 
6. Motor - Encoder Coupling 
A custom coupling was designed to connect the 0.5 
inch diameter shaft of the motor to the 0.25 inch shaft of 
the encoder. The coupling material was chosen to be 
aluminum to minimize inertial effects while to maximize 
torsional strength. Small set screws were installed on each 
opening in the coupling to lock the shafts into position. 
An engineering design drawing of the coupling is found in 
Appendix G. 
7. Encoder Analog Conversion Board 
A circuit was designed to take the encoder digital 
signals and to convert them to an analog voltage which 


varied linearly with shaft angular position. The final 
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circuit schematic is found in Appendix H.  Low-power 
Schottky TTL logic integrated circuit chips were used in the 
design. 

Square wave TTL pulses are sent from the encoder in 
quadrature, which means that depending on the direction of 
the rotation of the encoder shaft, the pulses on the encoder 
channel A or B lead or lag each other by approximately 90? 
The pulses on encoder channel A (pin 2) are fed to the clock 
input on the first 74LS74 edge-triggered, D-type flip-flop 
(U1A), the D input on the second edge-triggered, D-type 
flip-flop (U1B), and also to a standard 74LS00 NAND gate 
(U2A). Copies of the manufacturer's data sheets for the 
74LS74 flip-flop and the 74LS00 NAND gate are provided in 
Appendices I and J. 

In the same manner, the pulses on encoder channel B 
(pin 4) are fed to the clock input on the second edge- 
triggered D-type flip-flop (U1B), the D input on the first 
edge-triggered D-type flip-flop (U1A), and also to a 
standard NAND gate (U2D). 

The operation of the flip-flop/NAND gate combination 
is straightforward. When the encoder is rotating in the 
"forward" direction, the pulses from channel A lead the 
pulses from channel B by approximately 90? This causes 
flip-flop U1A to latch a TTL "high" signal on the Q output. 


This high signal causes the NAND gate to allow the negation 
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lag in second channe! pulses 


Figure 4 
Typical dual channel encoder signals in quadrature. 


of the pulse train from encoder pin A to pass on to the up- 
down counter, U3. As the pulse train from pin B of the 
encoder fed to U1B clock input lags the pulse train from pin 
A of the encoder fed to the D input, flip-flop U1B remains 
off, with a TTL "low" signal on the Q output. With one 
input to the NAND gate always low, the output of the NAND 
gate is always high (when the encoder is rotated in the 
forward direction). The 74LS193 up/down counter requires 
this high signal on the inactive up or down input in order 


to count the active pulsing input. A copy of the 
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manufacturer's data sheet for the 74LS193 up/down counter is 
provided in Appendix K. 

Each up/down counter can maintain 4 binary signal 
outputs. As the first counter exceeds its count at 15, it 
passes a carry output to the second counter. In all, the 
two counters can support a total count of 256 (0 - 255). 
The 74193 up/down counters are fully programmable, that is 
it has the capability of being preset to a certain level on 
any of the 4 outputs by entering that level on the data 
input (A,B,C,D) while the load input is low. That 
capability was utilized in this design with 5VDC applied to 
the 2.2K ohm resistor connected to pin 9 of the second 
up/down counter, U4. Thus when switch SW2 is closed, the 
overall count is programmed, or preset, to 128. The intent 
of this feature is to preset the nominal servo position, 
corresponding to 128, so that the shaft position could then 
be monitored for a full turn (128 pulses) in either rotation 
direction. 

The 256 binary counts are fed to an 8-bit digital- 
to-analog converter (DAC), U5. The DAC connections 
conformed to recommendations in the typical application on 
the DACO808 National Semiconductor data sheet. The data 
sheet is provided in Appendix L. The output of the 
conversion board is a negative current that provides the 
necessary signal input to the first stage of the amplifier 


board. 
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Two microswitches were designed into the circuit for 
calibration purposes. The first switch, SW1, sets the 
position count to zero. The second switch, SW2, sets the 
position count to 128, corresponding to the nominal 
operating position. The intent of switch SW1 was to allow a 
count reset in which the minimal voltage could be 
established easily during the development of the system. It 
serves no formal purpose in the finished product. Switch 
SW2 is more important in that system setup and calibration 
require the nominal position to correspond to the preferred 
"Zero" shaft position. With the motor turned off (switch 
SW3), the null offsets (R10 and R15) can be fine tuned. 
After this initial set up, no additional tuning is 
necessary. 

8. Amplifier Board 

A series of operational amplifiers boost the voltage 
of the position signal to provide the necessary negative 
feedback to the motor to servo it into position. The total 
signal from the encoder circuit is input to the amplifier 
circuit having a voltage range of approximately -10 to O 
volts DC (measured across the 2.2K ohm resistor R12 on the 
feedback amplifier circuit schematic (Appendix M), depending 
on the shaft position. A null offset is applied at the 
input so that the input signal reads zero volts at the 


nominal shaft position. This signal varies up or down on 
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elther side of zero volts as the shaft rotates clockwise or 
counterclockwise. 

Two LM324 quad operational amplifier ICs were used 
in the final design of the amplifier circuit for simplicity 
and board space limitation reasons. A copy of a 
representative manufacturer's data sheet is provided in 
Appendix N. 

The values of the feedback resistors which determine 
the amount of gain from each amplifier were chosen fairly 
arbitrary; however, a few constraints had to be considered. 
First, the input resistor to each amplifier stage had to be 
fairly small, in the 1000 ohm range, so as to be much less 
than the input impedance of the operational amplifier. 
Secondly, the gain of each amplifier stage had to be fairly 
small, on the order of 20 or 30, so that the null offset of 
the encoder "zero" position could easily be adjusted. In 
addition, with smaller increments of gain in each amplifier 
stage, the overall circuit performance seemed to be more 
stable than with a single large gain amplifier. Fine 
adjustments to the circuit's overall feedback gain were 
possible using standard grade potentiometers. Lastly, with 
several amplifier stages, convenient voltage summing points 
were available in the circuit during the prototype 
development. 

The signal is boosted to the level in which a shaft 


rotation from the nominal position of +1 count on the 
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encoder circuit causes (approximately) a +5 volt signal to 
be applied to the motor power amplifier. Likewise, a shaft 
rotation of +2 counts in either direction results ina +10 
volt signal at the input to the motor power amplifier. The 
signal is designed to saturate for three counts in either 
direction at approximately +15 volts. A "potential well" is 
therefore created that maintains a stable preferred 
position. The selection of the voltage levels mentioned 
above was a significant portion of the system development 
and is discussed in greater detail in the System Testing 
chapter. 

A separate set of operational amplifiers serve as a 
high-pass Butterworth-type filter to boost the higher 
frequencies of the incoming position feedback signal to 
enhance the servo system's response at higher frequencies. 
Further discussion of the high frequency requirements for 
this system can be found in the System Testing chapter. 

9. Motor Driver Power Operational Amplifier 

The amplified encoder feedback signal is sent to the 
National Semiconductor LM12 150 Watt power operational 
amplifier circuit. The schematic of the motor power 
amplifier circuit is provided in Appendix O. The LM12 was 
selected because of several desirable features. According 
to its catalog specification sheet, provided in Appendix C, 


the LM12 is capable of delivering *10 amps output current at 
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any output voltage, while being completely protected against 
overloads, including short circuits to the power supplles. 
These features made the LM12 ideally suited to the expected 
demands of a high torque servo motor. 

Although the LM12 has internal overheating 
protection, a heat sink was selected so that the power amp 
could operated continuously high load with minimal 
degradation in performance due to internal heat generation. 
A large, extruded aluminum, black anodized heat sink 
designed for a 3 pin TO-3 integrated circuit package was 
modified to allow sufficient clearance for the unusual 4 pin 
configuration of the LM12. 

The basic design of the LM12 circuit is that of a 
voltage follower. According to Rutkowski (Ref 5, p. 54], an 
operational amplifier configured as a voltage follower 
provides the circuit both an extremely large input 
resistance while being fully capable of driving a low 
resistance load. 

The catalog specification sheet for the LM12 
recommended that the voltage supply leads to the operational 
amplifier be by-passed with low-inductance capacitors 
having short leads and located close to the LM12 package 
terminals to avoid spurious oscillation problems. The 
catalog specification claimed that the LM12 is stable with 


"good-quality" electrolytic bypass capacitors greater than 
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20 uF. A convenient value of 47 uF was selected for this 
application. 

Due to the highly inductive load that the servo 
motor places on the LM12, output clamp diodes were installed 
between the LM12 output and the voltage supplies to the 
LM12. According to the LM12 catalog specification, the 
stored energy in the load inductance can drive the output 
voltage outside the supply voltages. The specification 
states that, although the LM12 has internal clamp diodes, 
extreme conditions can cause destruction of the IC. The 
specification explains that National Semiconductor's 
experience with the LM12 is that random failures will occur 
if the output to the LM12 is hard-wire shorted when external 
clamp diodes are not used and the supply voltages are above 
120 volts. As the LM12 is intended to be operated at 
voltages of +24 VDC, the clamp diodes are very necessary. 
Large diodes of type IN5408 were chosen for this purpose. 

In the voltage follower configuration used in this 
thesis project, the op amp is highly susceptible to low 
amplitude oscillation. The oscillation, according to 
Horowitz and Hill (Ref. 7, p. 245], occurs when the open- 
loop phase shift reaches 180? at some frequency at which the 
gain is greater than one. At that frequency, negative 
feedback becomes positive feedback. This situation provides 


the necessary condition for oscillation. 
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To reduce the possibility of oscillation in an 
uncompensated op amp such as the LM12, the manufacturer and 
Horowitz and Hill (Ref. 7, p. 245] recommend unity-gain 
frequency compensation. By utilizing the R-C combination 
proposed by the manufacturer to reduce feedback at higher 
frequencies, the LM12 was stabilized. 

Further discussion regarding feedback oscillation in 
the LM12 can be found in the electronics prototyping 
subsection under the System Assembly section. 

All wiring to the motor that would be expected to 
carry loads over 1 amp was at least 14 gauge in thickness to 
minimize voltage losses due to wire resistance. 

10. Voltage Regulator Circuit 

A final addition was made to the amplifier circuit 
described above in order to provide for conversion of the 
+24 VDC input voltage to the +5 VDC and +15 VDC needed by 
the operational amplifiers, and encoder DAC circuit and the 
encoder itself. Three IC chips were selected to perform 
this task. The LM7805, LM7815, and LM7915 chips were chosen 
because of their availability. Capacitors were placed on 
the output of each convertor to ensure a filtered voltage 
output, as was recommended by the individual manufacturers ' 
data sheets. 

Copies of the LM7800 and LM7900 series voltage 


regulator data sheets are provided in Appendices P and Q. 
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D. SYSTEM ASSEMBLY 
1. Motor - Encoder Cage Assembly 

A sturdy metal cage was assembled following the 
design in Appendix E, using heavy duty shelving braces. The 
angular braces were bolted together using one inch long, 
5/16" course-threaded bolts with lock washers and nuts. Two 
strong bars were mounted horizontally on the front of the 
cage spaced at a distance sufficient for the motor shaft 
clearance. Two brackets were installed within the cage 
approximately 6 inches from the front of the cage to provide 
locations to bolt the encoder mounting bar. 

The finished cage assembly was mounted to a one inch 
thick piece of plywood to provide additional vibration 
resistance. 

A photograph of the completed cage - plywood base 
assembly is provided in Figure 5. 

2. Motor - Encoder Mounting 

The next step in the assembly process was to mount 
the DC motor and shaft position encoder in the cage. Four 
holes were drilled in the 1 1/2" wide mounting bars on the 
front of the cage in locations corresponding the hole 
pattern on the front of the motor. Four 1/2" long 8/32 
stainless screws were installed to secure the motor to the 
mounting bars. The mount was considered sufficiently sturdy 


that rear mounting bars were not used. 
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Figure 5 
Photograph of Cage Assembly and Plywood Base 
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An aluminum motor-encoder coupling was mounted onto 
the rear 1/2" diameter shaft. A photograph of the finished 
coupling is provided in Figure 6. The coupling was secured 
to the motor shaft using a 6/32 set screw. A 9/16" hole was 
drilled in a 6" long, 1 1/2" wide horizontal bar to 
accommodate the encoder mounting shaft. Two 3/8" holes were 
drilled at opposite ends of the bar to mount to the brackets 
within the cage. 

A simple procedure was followed to avoid preloading 
stresses on the encoder shaft. During early tests the 
preloading stresses were found to cause a great deal of 
rotational friction. The encoder was loosely inserted into 
the motor-encoder coupling and all mounting bar bolts were 
first tightened. Next, the encoder shaft nut was tightened. 
Finally, before tightening the encoder shaft set screw, the 
coupling alignment was rechecked by rotating the motor shaft 
while ensuring that the encoder shaft did not rotate. 

A photograph of the motor and encoder mounted in the 
cage is provided in Figure 7. 

3. Assembly of Power Operational Amplifier. 

After modifying the aluminum heat sink mounting hole 
pattern to accommodate a 4 pin TO-3 IC package, the LM12 
power amplifier was installed in the aluminum heat sink 


using two 3/8" long 6/32 screws. A thermally conductive 
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Figure 6 
Motor-Encoder Shaft Coupling Photograph 
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Photograph of Motor and Encoder Mounted 
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heat sink compound was used to ensure good thermal contact 
between the IC package and the heat sink. 

It is important to note that the case of the LM12 is 
the negative voltage supply input. The heat sink is, in all 
likelihood, at a potential of -24 VDC when the system is 
powered up. This was not a problem during the prototype 
testing because the heat sink was mounted to a plywood base. 
If it is to be in electrical contact with ground or any 
other component in a future design, a thermally conductive, 
electrically insulating washer such as mica or anodized 
aluminum should be installed between the IC and the heat 
sink and some thermal compound should be placed on both 
faces of the washer. 

A photograph of the LM12 power operational amplifier 
mounted on the heat sink is provided in Figure 8. 

4. Electronics Prototyping 

a. Encoder Analog Conversion Circuit 

The encoder analog conversion circuit was first 
assembled on a Global Specialties Protoboard Model PB-503. 

A photograph of the protoboard is provided in Figure 9. The 
protoboard was ideal as it provided the +5VDC, +15VDC and a 
common ground point needed for the ICs and encoder described 
in the System Design section C.7. The protoboard also 
provided an excellent reference signal in the form of either 


a square, triangle or sinusoidal waveform. 
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Figure 8 
Photograph of LM12 Op Amp and Heat Sink Assembly 
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Figure 9 
Global 8pecialties Protoboard Model PB-503 
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The prototyping of the encoder analog converter was 
very successful in that the early design produced a uniform, 
linear, digital-to-analog converter output as was needed. 

One point worthy of note concerns the DAC positive 
reference current, I,. According to the manufacturer's 
data sheets for the DACO808 Digital-to-Analog converter, the 
maximum current to be applied on pin 14 is 5 mA. 
Unpredictable output from the DAC resulted from accidently 
exceeding the I,, current limit during prototype testing. 
Care must be taken in ensuring the resistor value between 
pin 14 of the DAC and +15 VDC is greater than 3000 ohms. A 
resistance of 6.2K ohms was determined to provide 
satisfactory stability over the full range of voltage output 


by the DAC. 


b. Feedback Amplifier Circuit 

After the prototype encoder circuit was 
transferred to a hardwired circuit card, an amplifier 
circuit was prototyped on the same protoboard mentioned 
above. The amplifier circuit initially employed several 
LM301 high gain operational amplifiers. They were used 
because of their easy availability and simple design. A 
copy of the LM301 manufacturer's data sheet is provided in 
Appendix R. 

The prototyping of the amplifier circuit was very 


difficult because of the author's lack of familiarity with 
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the operation of the LM301 op amps. Several unsuccessful 
designs were attempted. After many instructional meetings 
with the thesis advisor, a successful combination of 
inverting operational amplifiers tied together in series was 
found experimentally to address these problems. An 
approximate total gain for the feedback amplifier section 
was determined early in this phase of the circuit design. 
The difficult issues were how to provide for summing points 
for the amplified feedback signal and the reference input, 
such that they would not interfere with each other. This 
was dealt with during prototyping by providing an input 
preamplifier stage to the feedback and reference signals 
before the two were summed. The feedback preamplifier stage 
had a gain of 20, while the reference signal input required 
unity gain. 

The LM301 operational amplifiers were eliminated 
from the final design because they required too much board 
space and were not internally compensated for frequency 
response. As the system was not expected to be run at very 
high frequencies, circuitry with adjustable frequency 
compensation was deemed unnecessary. In addition, during 
several instances in prototyping, the LM301 operational 
amplifier stages would apparently interact, lose stability 
and go into high frequency oscillation. 

To simplify the amplifier design by reducing 


components, the four LM301 Operational Amplifiers needed at 
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the time were replaced by a single LM324 quad op amp that 
had the same high gain characteristics of the LM301 but 
included internal frequency compensation. This meant a 
minimal number of external components were necessary to 
support the IC. The LM324 was also found to provide a much 
more stable signal at high gain than did the series of LM301 
ICs. 

Adjustable input voltage offsets (potentiometer) 
were added to particular operational amplifiers to calibrate 
the zero position of the encoder. After a successful test of 
the feedback amplifier was achieved, the author considered 
ways to improve the feedback signal by stabilizing it very 
large gain. 

During prototype tests with the LM301 op amps, 
however, the author found that at large preamplifier gains, 
the motor position would be unstable and the motor would 
vibrate at what appeared to be a natural resonant frequency 
of about 25 Hz. Several attempts were made to design 
circuitry to eliminate motor vibration at these upper gain 
levels. The first attempt was to insert a low pass filter 
inline with the preamplifier stages to suppress gain at 
frequencies above approximately 25 Hz. A standard design 
was adapted from Jung (Ref. 6, p. 498]. A copy of the low 
pass filter schematic and component values are provided in 


Appendix S. 
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The low pass filter was not successful in 
eliminating the vibration. The system response was 
decreased (no higher frequency response components), and the 
oscillations both grew larger in amplitude and shifted to 
lower frequencies. 

A band-elimination filter to eliminate the 20-30 
Hz range was considered briefly, but it was not actually 
implemented. It was felt that, if a 25 Hz excitation was 
placed on the servo system, it would not respond. 

Therefore, the design seemed unacceptable in this form and 
was not tested further. 

A final effort at eliminating the oscillation was 
made with a differentiator circuit placed in a negative 
feedback arrangement in the preamplifier stages. The idea 
was to use the differentiator as a type of electronic 
"friction", as it would perform a differentiation of the 
voltage in the feedback loop. Differentiating the voltage 
analog of the system's "acceleration" produces a voltage 
analog of "velocity". As frictional torque is a velocity- 
dependent concept, it was felt that introduction of 
artificial friction into the system could cut down the Q of 
the oscillation, thereby stabilizing the response. 

The attempt at a useful differentiator circuit is 
shown in Appendix T. The circuit design was adapted from 
Jung [Ref. 6, p. 365]. This circuit proved to be 


unsuccessful because of the discrete nature of the encoder 
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output. Each step in the encoder output resembles an 
infinite acceleration, and thus tends to drive the 
differentiator circuit into producing a delta function-type 
spike at its output. 

After several unsuccessful attempts with the 
different feedback filter configurations, the LM324 Op Amps 
were introduced as mentioned above, which stabilized the 
feedback considerably. At this point, it was the author's 
judgement that boosting the high frequency components of the 
feedback signal would help better stabilize the motor as 
well as increase the overall system response. 

A 100 Hz, two pole Butterworth high-pass filter 
design, adapted from Horowitz and Hill [Ref. 7, p. 274], was 
placed in the preamplifier stages. The high-pass signal was 
amplified and summed with the feedback signal at the point 
where it is fed to the motor power amplifier. This 
arrangement not only boosted the frequency response of the 
system to broad-band inputs such as square waves, but also 
served to stabilize the feedback loop. 

c. Motor Power Amplifier Circuit 

The author's original thoughts in the prototyping 
design of the LM12 power amplifier were to configure the IC 
in a high gain configuration, thus reducing the need for a 
complex system of preamplifiers. Many unsuccessful attempts 
were made to vary the feedback values to produce a stable 


motor drive signal. In every instance the LM12 output 
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suffered from high frequency, low-amplitude oscillations and 
instability.  Reconfiguring the LM12 as a voltage follower 
with input compensation eliminated the problem. As part of 
the original prototype input compensation, a 5K ohm resistor 
was placed in parallel with a 200pf capacitor at the input 
to the LM12. During later system tests, the author found 
that removing the resistor/capacitor combination on the 
input boosted the gain of the system, while the output 
remained free of oscillation. 

The early prototype design of the LM12 power 
operational amplifier circuit included a 5 ohm resistor and 
a 4u henry inductor combination in series with the motor 
load. The manufacturer's data sheet for the LM12 
recommended inclusion of these components to improve the 
amplifier's performance when driving highly reactive loads. 
During system tests the resistor value was repeatedly 
reduced by trial-and-error, and system performance improved 
with no side effects. During most of the prototype testing 
period, a 1 ohm high wattage output resistance was used. 
This resistance approximately halved the power delivered to 
the motor. Once final trimming of the amplifier's response 
was completed, the resistor/inductor combination was 
removed. The motor shaft torque dramatically increased as 


all of the circuit power was then available to the motor. 
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5. System Hardwiring 
a. Circuit Boards 

Following the prototype testing of the encoder 
analog conversion and amplifier circuits, a more permanent 
version of each circuit was assembled on a soldered circuit 
board. The operation of the completed boards was 
functionally identical to the circuits assembled on the 
protoboards. Screw lug terminals were attached to wires 
leading to and from the circuit boards to ease in 
maintenance.  Pin-to-pin connections between ICs were done 
using above-board wire jumpers that were soldered on the 
under side of the board. The ICs were fixed to the board 
using appropriately sized solderless IC sockets. 
Photographs of the encoder analog conversion and amplifier 
circuit cards are provided in Figures 10 and 11. 

After assembly, the circuit cards were mounted to 
the system plywood base using round head wood screws and 
aluminum standoffs. Lastly, the wires leading to and from 
the circuit cards were attached to terminal blocks also 
mounted on the plywood base. 

Drawings of the component locations on each of 
the encoder DAC and feedback amplifier circuit cards are 
provided in Appendices U and V. All components which could 
require adjustment are identified as is the input/output 


wiring of the circuit cards. 
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Figure 10 
Photograph of Encoder Analog Conversion Card. 
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Figure 11 
Photograph of Amplifier Circuit Card. 
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b. Motor Power Amplifier Circuit 
The LM12 power operational amplifier and heat 
sink assembly discussed in the System Assembly section of 
this thesis was mounted to the plywood base. The LM12 pins 
on the underside of the heat sink were connected to a screw- 
type terminal block with 14 gauge wire. The additional 
circuitry comprised of output clamp diodes, supply voltage 
capacitors, and input compensation were mounted on the 
terminal block for accessibility. In a more permanent 
system, these components should be mounted as close as 
possible to the pins of the LM12 to further eliminate 
spurious oscillation problems. 
c. Completed System Configuration 
A photograph of the completed servo motor system 
is provided in Figure 12. The reference signal input was 
mounted in the front to the left of the motor-encoder cage 
with a BNC input connection. Supply voltage is routed to a 


terminal block mounted toward the rear. 


E. SYSTEM TESTING 
1. Preliminary Prototyping Setup Testing 
a. Shaft position/feedback signal levels 
The key to the performance and stability of the 
servo system was essentially the determination of the degree 
of feedback that corresponded to an incremental deviation in 


shaft position that registered as a change in the encoder's 
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Figure 12 
Photograph of Completed Motor Servo System 
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least significant bit (LSB). Through tests during the 
prototype development, the author found that the optimum 
setting of the feedback signal from the amplifier circuit to 
the motor power amplifier was +5 volts for such a LSB change 
of the shaft encoder output (saturating at *15 VDC). Any 
more amplification of the feedback signal would cause the 
system to behave like an undamped oscillator. In that 
configuration, the system would be metastable and break into 
oscillation at the slightest disturbance from its initial 
equilibrium state. The + 5 VDC steps provided a sort of 
"potential well" where the motor could quickly and safely 
stabilize at its nominal position. 

The test conducted to make the determination 
described above was fairly simple in nature. The voltage 
level of the feedback signal being fed to the motor power 
amplifier was monitored on a Tektronix Model 2336, 100 MHz 
oscilloscope like that shown in Figure 13. 

A +5 volt square wave signal was fed to the 
reference signal input port. While the motor was responding 
to the reference signal, the gain on the final stage of the 
amplifier circuit was increased by adjusting the board- 
mounted potentiometer. Once the system lost stability due 
to the increased gain, the potentiometer resistance was 
slightly reduced to the point where the response was 


consistently stable. 
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Figure 13 
Photograph of Tektronix Model 2336 Oscilloscope 
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To determine the feedback voltage levels, the 
reference signal was removed. The motor was disabled with a 
switch in the wire between the motor's negative terminal and 
ground. The motor was turned by hand in order to vary its 
position by only a few positional bits in each direction 
while watching the voltage of the feedback signal on the 
oscilloscope. Thus the feedback voltage levels were noted. 

Three conditions of gain versus system stability 
were measured and are presented graphically in Figure 14 to 
illustrate their relationship in the servo system. The 
first (top) line in the graph represents the gain which the 
system is metastable, i.e., any perturbation would set the 
motor into oscillation. The second line is the optimal gain 
condition at which the system has maximum torque and 
consistent stability. The third line represents the gain 
value at which the system response is significantly 
diminished. Due to the digital shaft encoder, the graph 
displays the discrete values of feedback gain versus 
rotational deviation. 

Potential wells analogous to that of a damped 
harmonic oscillator are superimposed in dashed lines on the 
graph in Figure 14 to provide a correlation to the discrete 
system response. A steeper slope (high gain) corresponds to 
an underdamped motion; which, in the case of the servo 
System, results in metastable behavior. Slightly below the 


system's metastable gain region is the optimal operating 
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Figure 14 
Graph of System Stability vs. Gain 
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condition. This is analogous to a critically damped 
harmonic oscillator. Further reduction of the system gain 
in turn diminishes the system response and the behavior 
becomes sloppy. This correlates to the overdamped motion of 
the harmonic oscillator. 

2. Motor Speed Test 

A motor speed test was conducted to ascertain a 
baseline performance measure of the system. A low frequency 
(5 Hz) square wave at approximately 2 volts peak-to-peak was 
used as the reference signal. The system response signal 
was taken from the output of the first stage of the 
amplifier circuit so that the response was adequately 
buffered by the amplifier stage. 

The photograph of the oscilloscope trace (Figure 15) 
provides clear evidence of the superior speed and tracking 
ability of the feedback system. The dots in the system 
position response trace are the result of the discrete 
voltage output of the D-A converter in the Encoder Analog 
Conversion circuit. As 128 pulses are generated by the 
encoder per shaft revolution, each dot in the trace 
represents 360° /128, or approximately 2.8? of shaft 
movement. Counting the dots reveals that 36.4° of shaft 
movement occurred in 20 milliseconds. It is also noted that 
the shaft was locked into position within 40 milliseconds of 


arriving at the 1/e rise time position. Therefore, it is 
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Figure 15 
Servo Motor Speed Test - Oscilloscope Trace 
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safe to assume that the system response time constant falls 
in the 20 - 40 millisecond range, corresponding to a 
frequency bandwidth of 25 - 50 hertz. 
3. Motor Torque Test 

A test was conducted to determine the torque 
capability of the system under a static load. A torque test 
bar was designed as shown in Appendix W. A photograph of 
the test being conducted is provided in Figure 16. The 
motor supported a 250 gram load at a right angle to a moment 
arm of 10.0 cm for approximately 30 seconds. The torque of 
the system was therefore calculated to be 0.245 N-m. The 
power amplifier and heat sink were extremely hot after the 


test, but the system performance did not deteriorate. 
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Figure 16 
Photograph of Torque Test Setup 
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IV. SUGGESTIONS FOR FURTHER RESEARCH AND SYSTEM ENHANCEMENTS 


The system fabricated under this thesis works superbly 
as designed. However, positioning the orthogonal function 
image mask to the resolution needed for the imaging system 
proposed by Davis will require a shaft position encoder with 
at least 100 times finer resolution. 

Referring again to Figure 14, the discrete nature of the 
position encoder used in this thesis project would force the 
system to be metastable at gain levels much lower than that 
possible with an analog feedback system. The system behaves 
much like a marble in a box. The position of the marble in 
the box is difficult to stabilize if the box is disturbed. 
However, a marble placed in a smooth bowl and disturbed will 
inevitably return to the nominal (center) position. With 
proper damping, the marble will quickly settle on the 
nominal position. 

To make the system behave in a similarly smooth manner 
as the marble in a bowl described above, an encoding scheme 
is under development in another thesis study to employ a 
phase-locked loop analog feedback system instead of the 
simple digital version employed in this thesis project. 

With the analog feedback, much greater system sensitivity 


Will be possible. Likewise, it should be possible to 
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increase overall system gain once the transients associated 
with the current low resolution encoder are eliminated. 
Future feedback system enhancements planned by Davis, 
such as using the differentiator feedback circuit to induce 
the artificial friction mentioned in section D.4.b., will 
also help stabilize the circuit at much larger feedback gain 


levels. 
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V. CONCLUSIONS 

The development of a baseline, highly capable and 
upgradeable servo system for an imaging spectrometer system 
was successful. This thesis offers incontestable proof of 
the power, stability and precision of the servo system while 
utilizing a digital shaft encoder only accurate to +1.5“ 
The exercise of developing a theoretical mathematical model 
of the system response proved extremely useful in 
understanding the system's actual behavior when reacting to 
a pulse-type voltage stimulus. 

The work on this servo system, however, is far from 
complete. Following the development of an analog phase- 
locked loop system, the system will enjoy much higher gain 
in the feedback signal while maintaining excellent 


stability. 
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APPENDIX À 
CALCULATION OF MOTOR RESPONSE TO PULSE WAVE 


Define Variables 








2 sec 
L = 005 H J := ,5 kg m K - 20 Nm 
t coul 
sec 
B := .lNm sec R := 1:8 K = ,0S:N:m: 
t coul 


Derive Constants 





2 
(B L- RJD AS 
BL+RJ 

A := C := 

2 J D 2 J B 

=, 

mm := 8 Ampl := 10: VOLT A = 100.1- time 

mm = 1 


E 
E 
II 
N 
e 
N 


97.878- time 


Define Convolution Terms 


q := O ..(LL - 1) V(t) := if(|t| < .5,Amp1,0: VOLT) 
Note q ils time variable 
sec sec 
- (A+C) qv —— = AG g oe 
LL [HE [a | 
Gi := e G2 := e VV := K 
q q q LL 


Derive Fourier Transform of Convolution Terms 





ddl := cfft (G1) dd2 := cfft (G2) f := cfft (VV) 

Multiply Transforms -» fconvl := f ‘ddl fconv2 := £ 'dd2 
q q q q q q 

Perform Inverse Fourier Transform TOL := .05 

convl :- icfft(fconvl) conv2 := icfft(fconv2) 





Calculate all response terms 


q 
K — 
E EL 
Firstterm  :9 —— sae V(r) dr: sec 


[ 2 2| 
JL [A -C 0 


E K "sec 








t 
X .= 
[rr-.2- 3. L c 
X X 
Secondterm := 'convi Thirdterm := 'conv2 
q A + C q q A-C q 
O := Firstterm + Secondterm - Thirdterm 
q q q q 
Onew :=0 - 8 <- This step was done to start at zero (round errors) 
q q 0 
15 ! 
at of a 
o jose s t 
VV l a | 
PE er | 
—— : 4 0 . On ew Aen 
VOLT q VAST | 





0 q LL - 1 
Time 


Plot of square voltage pulse on motor to motor angular response 
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Define units 








m = 1L sec = 1T coul = 1Q kg = 1M 
2 4 
coul "sec 
2 Fre ws 2 
kg: m kg m 2 kg: m 
Nes H = kg: m s = 
2 2 
sec coul sec' coul 
2 
coul kg m 
JOULE =EN m AMP = VOL AS... aan =a m 
sec 2 De 
secu coul sec 
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APPENDIX B 


HI-TORQUE 
PM FIELD 
SERVO 
12 VOLTS DC 
Clifton Precision #DH-3250- C- 1... Dual shaft 
(ball bearing). Technical specifications: 
Peak Torque 100 in-oz. at 12 Amps max. 
Continuous Torque 38 In-oz max. 
Rotor Inertia 0.0038 in-oz per sec? 
Torque Constant 8.55 in-oz/Amp 
Terminal Resistance 1.1 Ohms 


Dual shafts 1/2 dia. x 0.937" and 0.88". Shaft end 
mounting with three tapped 6/32 holes at one end 
and four 8/32 tapped holes at opposite end. Motor 
3.25" dia. x 2.875" long. Screw terminals. New. 
Shpg Wt, 5 Ibs. | 
TM89MTR5615 
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LM12 





APPENDIX C 


National 
Semiconductor 


LM12 (L/C/CL) 150W Operational Amplifier 


General Description 

The LM12 is a power op amp capable of driving +35V at 
+ 10A while operating from +40V supplies. The monolithic 
IC can deliver 150W of sine wave power into a 4f1 load with 
0.01% distortion. Power bandwidth is 60 kHz. Further, a 
peak dissipation capability of 800W allows it to handle reac- 
tive loads such as transducers, actuators or small motors 
without derating. Important features include: 

& input protection 

gm controlled turn on 

€ thermal limiting 

® overvoitage shutdown 

& output-current limiting 

8 dynamic safe-area protection 

The IC delivers t 10A output current at any output voltage 
yet is completely protected against overloads, including 
shorts to the supplies. The dynamic safe-area protection is 
provided by instantaneous peak-temperature limiting within 
the power transistor array. 

The turn-on characteristics are controlled by keeping the 
output open-circuited until the tota! supply voltage reaches 
14V. The output is also opened as the case temperature 


Connection Diagram 


4-pin glass epoxy TO-3 
Sockat :$ available from 


O AUGAT INC. 


Pan number 8112-AG7 


OUT =|N 
O O 
O O 
y O + IN 
V" (CASE) 
- TL/H/8704-1 
Bottom View 
Order Number LM12K, LM12CK or LM12CLK 
See NS Package Number K04A 
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exceeds 150°C or as the supply voltage approaches the 
BVceo of the output transistors. The IC withstands overvoit- 
ages to 100V. 


This monolithic op amp is compensated for unity-gain teed- 
back, with a small-signal bandwidth of 700 kHz. Slew rate is 
9V/us, even as a follower. Distortion and capacitive-load 
stability rival that of the best designs using complementary 
output transistors. Further, the IC withstands large differen- 
tial input voltages and is well behaved should the common- 
mode range be exceeded. 


The LM12 establishes that monolithic ICs can deliver con- 
siderable output power without resorting to complex switch- 
ing schemes. Devices can be paralleled or bridged for even 
greater output capability. Applications include operational 
power supplies, high-voltage regulators, high-quality audio 
amplifiers, tape-head positioners, x-y plotters or other ser- 
vo-control systems. 

The LM12 is supplied in a four-lead, TO-3 package with V^ 
on the case. A gold-eutectic die-attach to a molybdenum 
interface is used to avoid thermal fatigue problems. Two 
voltage grades are available; both are specified for either 
military or commercial temperature range. 


Typical! Application” 


1.5n 





TL/H/8704-2 
*Low distortion (0.01%) audio ampirfier 


‘absolute Maximum Ratings , 
wutary/Aerospace specifled devices are required, Junction Temperature Note 2 


Mesec contact the Natlonal Semiconductor Sales Storage Temperature Range —65"C to 150°C 
otfice/Oistributors for availability and specifications. Lead Te ature (Soldering, 10 as) 300°C 
ollas: LMISALMI2C 100V ESO Rating to be Determined. 
LM12L/LM12CL 80V 
rout Voltage T Operating Ratings 
Output Current internally Limited Total Supply Voltage LM12/LM12C 15V to 80V 
LM12U/LM12CL 15V to 60V 


Electrical Characteristics (note 3) 


Parameter 25°C LM12L LM12CL Units 
Input Offset Voltage +10V < Vs < +0.5 VMAX, y E 


Vom = 0 
Input Bias Current V7 + 4V < Vous Vt —2V 0.3/1.0 0.7/1.0 pA (max) 
- 0.1/0.3 0.2/0.3 pA (max) 


Input Otfset Current V7 +4V < Vow € V* —2V 
75/70 70/65 d8 (min) 


Common Mode VT +4V < Voy € V* —2N Fe 
Power Supply Vt = 0.5 VMAX: dB (min) 
Rejection -6V 2 V^ 2 -0.5 VuAX 75/70 70/65 
V = —0.5 VMAX. : 
6V < VÝ < 0.5 Vmax 80/73 75/70 dB (min) 


Rejection 
Output Saturation toN = 1 ms, 
Threshold AVin 7 5(10) mV, 
2.2/2.5 2.2/2.5 š V (max) 
5/7 5/7 V (max) 
8 V (max) 
Large Signal Voltage : 
Gain Vsat = 2V,lour = 0 50/30 30/20 V/mV (min) 
Vsat = 8V, RL = 42 20/15 15/10 V/mV (min) 





Thermal Gradient 
Output-Current tov 7 10 ms, Vpiss = 10V 13 16 16 A (max) 
Limit 
ton = 100 ms, Voiss = 58V 1.5 A (min) 
1.5 : 1.7 A (max) 


LM12/LM12C 
ton = 100 ms, Vpiss = 78V 0.5/0.35 A (min) 


0.7 
Power Dissipation ton = 100 ms, Voiss = 20V 100 90/40 80/55 W (min) 
Rating Vpiss = 58V 80 58/35 52/38 W (min) 
DC Thermal Resistance (Note 4) Voiss = 20V 2.3 *C/W (max) 
Vpiss = 58V 2.7 *C/W (max) 


Fu | mn uP 319 | 21 | emma) 
Supply Current Vout = 0, lour = 0 | 60 | 80/90 120/140 mA (max) 


Mote 1. Nerther input should exceed the supply voltage by more than 50 voits nor should the voltage between one input and any other terminal exceed BO volts for 
Ne LM12/LM12C or 60 votis for the LM12L/LM12CL 

Mote 2. Operating junction temperature is internally limited near 225"C within the power transistor and 160°C for the control circuitry. 

Mote 3. The supply voltage 15 $ 40V (Vuax * BOV) for the LM12/LM12C and +30V (Vmax = 60V) for the LM12L/LM12CL, unless otherwise specified. The 
Rage across the conducting output transistor (supply to output) is Voss and internal power dissipation ia Psg. Temperature range is -55°C < Te < 125°C tor 
De LMI2/LMI2L and °C < Tc < 70°C for LM12C/LM12CU, where Tc Is the case temperatura. Standard typeface indicates limits at 25'C while boldíace type 
refers to fimits of apecial conditions over full temperature range. With no heat sink, the peckage will heat at a rate of 35°C/sec per 100W of intemal 
Gasgation 





Note 4 This thermal resistance Is based upon a peak temperature of 200°C In the center of the power transistor and a case temperatura of 25°C measured at the 
Center Of the package bottom. The masomum junction temperature of the control circurtry can be estimated based upon a dc thermal resistance of 0.0°C/W or an ac 
Herma) resistance of 0.6°C/W for any operating voltage. 


Although the output and supply leads are resistant to electrostatic discharges from handling, the Input leads are not. 
Part should be treated accordingly. 
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APPENDIX D 


PPOWEr one 


OC, PORTA DBPPULS 


INTERNATIONAL SERIES 
DC POWER SUPPLIES 


if you pion to distribute your producis varid wide, obtonnQ necessary 

MUERMATONAL SERES 0D roue, Dy Sortes POMOITONC MC DRAWING NO. 51281 REV. L 
SPECIFICATIONS AND APPLICATION DATA 

EEATURES 


= WE tronsformer construction - Fuli roted to $0°C 


The INTERNATIONAL SERIES ía € high rencodity line of open—trome poe 
Supplies e1:9^ed to operate fram the wee ron f sour 
found woridwwa. fa ri Na 






This feoture Q'eotiy umplifies your inventory and service Consderotione 
by ollowsg the use of one stondord power supply reqordess of destination. 


Addilionolly, these models ore demqned to meet domestic ond 
European requictory agency requrenets 




























VOLTAGE /CURRENT RATING CHART 


š = - $.05X requielion. — Remote sense — most outputs 
SN E s Ji Em = T.C. burned-in lo ML-883 Lev. B. — UL recognized/CSA certified 
= = eloileoli-*-[eoi» z = ° > - Chossis notched for AC input - OWP on 5V outputs 
> |= sssi pa T = e sape 9 = 100/120/220/230— 240 VAC = 2 hour burn=in period 
— industry etondard size - Foldbock /current fenit 


| aE op | 1 1 j jJ SARA 






















SPEQFICATONS 

AC INPUT: t00/120/220/230-240 NAC» *10X. -13X, 42-6341 
(Derete output current tOX for 50 Mz eperotion.) 
See AC connection table under APPUCATION NOTES 
for jumper information. Fuss nformetion ln next 
te euUine end mounting drevngt. 

OC OUTPUT: Ses Volteqga /Current Retirg Chert Adjssiment range 
+5X minimum, (Voltege nenadjustable en MAD models.) 


UNE REGULATION: .$.05X ier e 10% lina change (41% ber MAD models.) 
LOAD REGULATION: +.05% fer @ SOZ lood chenge. (*1X le MAD models.) 


OUTPUT RIPPLE: 2V te (SV oulputr 5.0mV PX—PX menxvnum. 
24v te 230V output X. 0m V«.O2XVout Pu —Pk. mosenum. 
(HAO modei: 0.1XVout Pu-Pk moxwrum.) 


TRANSIENT RESPONSE: ¢S0us for e 50 to 100% lood change. 


SHORT GROUT 
ANO OVERLOAD 
PROTECTION: 


OVERVOL TAGE 
PROTECTION: Budt=in on al 5V outputa Sat gt 6.2VOC +Q.4V. 
Other outputs may use optional overvaltege protection. 


REMOTE SENSING: Provided on most models, open sense leod pretection 























HB12-1.27- A 
HB15—1.5—A 
H824—-1.2-A 
HB28-1-A 
HC2-6-A 
HC5—6 /0VP- A 
MC12- 3.4- A 
HC15— 3- A 
HC24-2.4—-A 
HC28—-2-A 
HO2-12-A 
H05-12/0VP -A 
H012- 6.8—A 
HO15-6-A 
H024—4.8-A 
HO28-4-A 
HE2-t8- A 
HES-18/0VP - A 
HE12-10.2-A 


Automatic curren] lenit /foldbock, 



























HET15-9- A 1 
HE24-7.2-A4 buit- A, 
HE28-6-A STABILITY: £0.3X for 24 how period efter 1 hour warm-up. 


HNS=9 /OVP-A 
MN12-5.1- A 
HN15-—4.5—4A 
MHN24— 3.6- A 
MN28— 3—A 


TEMPERATURE RATING: O°C 1o 50°C ful-roted, deroled Gnearty to 40% ol 70°C. 
t2 Cfu forces ow cooling required to mest EC 380/950 
above 80% of total roted output power. 

TEMPERATURE 

COEFFICENT: 2.03X/*C mazrmmn. 


EFF'GENCY: 2V te SY output 453 





zzzzrzzmmmmmmoooooooooooodgddcgogocgocdoddo 





NM rl (typical) 12V ond 15V ovtputr: 55X 

HAA24-0.6- A 24V tweugh 28V k 48V Uvough 250v outputs: 60X 
HAASI2- A VIBRATION: Per MIL- STO-B100.Method 514,3 Category t.Procegure L 
HADt2-0.4- A B | sho: Per MIL- STO-8100.Method 516.3.Precedure B. 


HAD15—0.4—4A 
HBB5- 35/0vVP —A 
HB815-1.5— A 
HBB24-1.2-A 
HB8512-4A 
HCCS-6/0VP-A 
MCC15-J3—A 
MCC24-2.4- A 
MCC512-A 
WDO13- 5—A 
TRIPLE OUTPUTS 
HTAA- t6W- A 


e Tolerance for 230VAC operetion a *1$X, -10X. 
Mots: specifications mubject lo change without notice. 









POWER-ONE, INC. worrante eoch power supply of its manufacture 
thot does not perform to published specifcotions, es o result of 
deíecUve moterigis or workmanship, for o period of two (2) full 
years kom the dote of originai delivery. 


POwWCR-ONE, INC. ossumes no hoblities for the consequential 
domoges oí ony kind through the use or misuse of its products 
by t^e purchaser or others. No other obligotions or bobditiee 




















00.4 e O4 or Q4 











MBAA- 40W- A 0.4 er 16 er Qi ore expressed or implied. 

HCAA- 60W— A 0.4 o 10 er 1.0 

HCBB- 75W- A 0.7 er 1.7 or 1. PROOUCTS RETURNED FOR REPAIR 

MOBB -1035W—A Pleose lollow this procedure when reluming products for serweing: 










CP131-A 








[HIGH VOLTAGE AA a] * Contest Power-One's Customer Service Deportment fer 
uon T se [ov [ 180v  -200v | 150v [CASE]  *utrorizotion te return products: 
H848-0.5-A i B POWER-ONE. INC. PHONE: (805) 987-874t 
ee C 740 Cote Plono (800) 678-9445 
ATI. o |  Comerio. CA 93012 FAX: — (805) 388-0476 

= 4 à «aay 
AA E USA we: 910-336-129 
HB200—0.12-A s .1 1 
H8250—0.1—A 9.12 oc 912 š 2. A Returned Moteriol Authorizotion (RMA) will be issued ond 

ippirg docu ts ond tomers. 

e =12Mor =15V) requees jumper on PCB for = SV. must oppeor on ol sh 9 ments con 
t for +12V, reler 10 chossis säkscreen. ç 
$ for tBOV, refer 10 chosss sükscreen,. 3. Products must be returned freight pre- pod. 
v 12V to 15V odjustoble outpul Products returned freight collect or without on RMA number 
— mdicotes no remole sense. wài be rejected ond returned. freight cobect 


Soecificolions subjecl lo chonge without notice. 
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APPENDIX F 


SERIES: 


600 OPTICAL ROTARY ENCODER CLAROCSIN 
601H 


601V 


ELECTRICAL SPECIFICATIONS: Description: The Seres 600 and 601 controts are maruselty operated, retary. optical eaceders Sat output hee square 
waves e quandraturq 31 a tata of 128 guises per channel per revalulson a3 8 alandard with other reselutions dows to 60 pulses avadabie. The extputs wa 
TTL compavbia. The venation by senes G the termnal conhgurathon, with the Model 600 having 141 coble leads. and rhe Mods 501 Rame (41 puo ends and 
eternal testers. lapet Power: 4 volts DC + 5% G 30 MA mez. pls external reqarements Output Rate: 120 pusesirevolehen per channel standard. 
Cheeaelc Two separate oulput channels m quadrature. 90° + 45° Outpet Voltage Hegh level voltage — 2.4 vois men. worth VOKO inad ta paund Lon 
level vettags — 4 voh mes. ENVIRONMENTAL CHARACTERISTICS: Operating Teme: - 20% to +65. MECHANICAL CHARACTERISTICS: 
Shaft Asu ber: Continuous in esther decton, 300 RPM mur. Terminais PIC Type: .025 by. 012 thick brass, gold plated ta facblate soldenag Cable 
Type: Four lead nbbon cable, color-coded, with 050 spacing 28 AWG stranded copper wee. .039 &amatar. Strength: Termasis wriksiand 2 b. push and 
pull end a 90° bend 


CABLE CODE MODEL 600 — CABLE STYLE 


[Color | 531 3/8 x 32 NEF-2A 
5VDC +5% @ 30 MA max. 
[Green | Ground — — — — | 

Yellow | AO À] 


FUNCTION 


5VDC +5% @ 30 MA max. 


A Out 


BLOCK DIAGRAM 
-— 


OUTPUT WAVEFORM 
31 5 145* PHASE ERROA 
T 
A LOGIC 
OUTPUT uva 


CCW ROTATION” 


Horizontal PC Version 
ical PC Version 
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APPENDIX G 


Drill and tap for 6/32 set screws 


0.5" 


0.25" 
= 





Scale 2:1 


Notes 


1. Make from 1" Aluminum 
Stock 


2. Place holes for set screws 
1/4" from ends. Motor - Encoder Coupling 


Navy Postgraduate School 
Monterey, CA 


J. P. Sargent 9-5-91 
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APPENDIX I 


TYPES SN5474, SN54H74, SN54L74, SN54LS74A, SN54S74, 
SN7474, SN74H74, SN74LS74A, SN74S74 
DUAL D-TYPE POSITIVE-EDGE-TRIGGERED FLIP- FLOPS WITH PRESET AND CLEAR 


REVISED OECEMBER 1983 
Lp ——rnrFnOn v T a rc mm aaa 
2 Package Options Include Both Plastic and SN5474, SNS4H74, SNS4L74 ... J PACKAGE 


p M edition SNS4LS74A, SN54S74 ... JOR W PACKAGE 
Ceramic Chip 2 a SN7474, SN74H74 ,.. J ORN PACKAGE 


, and Ceramic DIPs SN74LS74A, SN74S74... D, JOR N PACKAGE 
(TOP VIEW) 


« Dependable Texas Instruments Quality and 
Reliability 


Ki 

These devices contain two independent D-type 
positive-edge-triggered flip-flops. A low level at the 
preset or clear inputs sets or resets the outputs 
regardiess of the levels of the other inputs. When preset 
arid clear are inactive (high), data at the D input meeting 
the setup time requirements are transferred to the SN5474, SNS4H74 ... W PACKAGE 
outputs on the positive-going edge of the clock pulse. (TOP VIEW) 

Clock triggering occurs at a voltage level and is not 
directly related to the rise time of the clock pulse. 





Following the hold time interval, data at the D input may IQ 
be changed without affecting the levels at the outputs. 12010 
ES 
The SN54' family is characterized for operation over the = en p 
s 101320 
full military temperature range of —55°C to 125°C. 
š M 913120 
The SN74' family is characterized for operation from 3h] 2PRE 





0°C to 70°C. 


$N54LS74A, SN54S74 .. . FK PACKAGE 
FUNCTION TABLE SN74LS 74A; SN74S74 ... FN PACKAGE 


neu KMS (TOP VIEW) 





Be sk 
ES 
1CLK|] 4 18 [120 
NCU 5 120 NC 
1PRE[] 6 160 2CLK 
f The Output levels in this configuretion ere not guerenteed NCU? z - NS 
108 140] 2PRE 


tO meet the minimurn ievels in Vou 'f the lows et preset 
end Cleer ere near Vi, meximum. Furthermore, this con- 
tigureuon is nonsteble, thet is, it will not persist when 
either preset or cleer returns to its inective (high) level. 





Q 
logic s 
. 99 ymbol NC - No internel connection 
¡PRE logic diagram 
1CLK 121 
10 Poe 
= PRE 
as 
2PRE ——— 
LK === 
20 CLR Q 
2CLR 
Pin numbers shown on logic notation are for D. J or N packeges. CLK 9 
D 


75 


APPENDIX J 


TYPES SN5400, SN54H00, SN54L00, SN54LS00, SN54S00, 
SN7400, SN74H00, SN74LS00, SN74S00 
QUADRUPLE 2-INPUT POSITIVE-NAND GATES 


REVISED DECEMBER 1982 





SN5400, SN54HO0, SN54L00 ... J PACKAGE 
e Package Options Include Both Plastic and SN54LS00, SN54SOO ... JORW PACKAGE 


Ceramic Chip Carriers in Addition to Plastic eR Tec S MEDG -n M 
and Ceramic DIPs e "D: 


_ (TOP VIEW) 
e Dependable Texas Instruments Quality and S 
Reliability wad) Urb vec 
18 (12 ix) 48 
description 1Y Q3 "2D 4A 
These devices contain four independent 2-input NANO 2A Lie "D 2 
gates 28 U5 10L] 38 
j 2v (de 9L] 3A 
The SN5400, SN54H00, SNS4LOO, and SN54LSOO, GNO Q? 813% 
and SN54S00 are characterized for operation over the 
full military temperature range of -55°C to 125°C., The SN5400, SN54H00 ... W PACKAGE 
SN7400, SN74H00, SN74LSOO, and SN74SOO are (TOP VIEW! 
h terized for operation from 0°C to 70°C. 
cnaracteriz r op I la Ch Ca av 
FUNCTION TABLE (each gate) 18 12 130 48 
1Y G3 120 4A 
| INPUTS | OUTPUT Vec U4 111] GNO 
2Y Lis 38 


2A (de 90 3A 
280? 31 3% 


SN54LS00, SN54S00 ... FK PACKAGE 
SN74LSOO. SN74SOO ... FN PACKAGE 


(TOP VIEW) 





4 
15 
positive logic 28 |l8 1411 38 
aa = — 1 11 12 ! 
Y=A:B or Y=A+B == - 


> O QO > < 
S Z= Z = O 


O 


NC - No intemal connection 





PRODUCTION DATA 
This documanı contains information currant as «i 
of publication date. MI contorm to TEXAS 
specifications per tha terms of Texas instruments 
standard warranty Production processing does INSTRUM ENTS 


not necessarily Includa testing of all parametars. POST OFFICE BOX 225012 e DALLAS TEXAS 75265 
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APPENDIX K 


TYPES SN54192, SN54193, SN54L192, SN54L193, SN54LS192, SN54LS193, 
SN74192, SN74193, SN74LS192, SN74LS193 
SYNCHRONOUS 4-BiT UP/DOWN COUNTERS (DUAL CLOCK WITH CLEAR) 


DECEMBER 1972—REVISED DECEMBER 1983 


* 9 9. < 






Cascading Circuitry Provided Internally SN54192, $N54193, SN54LS192, 
' SN54LS193 ... JOR W PACKAGE 
e Synchronous Operation SNS4L192, SNS4L193 ... JPACKAGE 


SN74192,SN74193...JORNPACKAGE 


* Individual Preset to Each Flip-Flop SN74LS192, SN74LS193 ... D. JORN PACKAGE 


e Fully Independent Clear Input (TOP VIEW) 
TYPES TYPICAL MAXIMUM TYPICAL = 
COUNT FREQUENCY POWER DISSIPATION 
"192,193 32 MHz 325 mw 
*1192,'1193 7 MHz 43 mW 
"LS192,°L$193 32 MHz 95 mw 


description 





These monolithic circurts are synchronous reversible 
(up/down) counters having a complexity of 55 
equivalent gates. The 192, ‘L192, and ‘LS$192 circuits SNS4LS 192, SNS4LS193 ... FK PACKAGE 
are BCD counters and the ‘193, ‘L193 and 'LS193 are 7 SE tee: SN Boe 3 ENIEAEEIMGE 
4-bit binary counters. Synchronous operation is pro- al 

vided by having all flip-flops clocked simultaneously so 
that the outputs change coincidently with each other 
when so instructed by the steering logic. This mode of 
operation eliminates the output counting spikes which 
are normally associated with asynchronous {ripple- 
clock) Counters. 


The outputs of the four master-slave flip-flops are trig- 
gered by a low-to-high-level transition of either count 
(clock) input. The direction of counting is determined by 
which count input is pulsed while the other count input 
is high. 





All four counters are fully programmable; that is, each 
Output may be preset to either level by entering the 
desired data at the data inputs while the load input is 
low. The output will change to agree with the data in- 
puts independently of the count pulses. This feature 

allows the counters to be used as modulo-N dividers by simply modifying the count length with the preset inputs. 


NC - No internal connectron 


A clear input has been provided which forces all outputs to the low level when a high level is applied. The clear function is 
independent of the count and load inputs. The clear, count, and load inputs are buffered to lower the drive requirements. 
This reduces the number of clock drivers, etc., required for long words. 


These counters were designed to be cascaded without the need for external circuitry. Both borrow and carry outputs are 
available to cascade both the up- and down-counting functions. The borrow output produces a pulse equal in width to the 
count-down input when the counter underflows. Similarly, the carry output produces a pulse equal in width to the count-up 
input when an overflow condition exists. The counters can then be easily cascaded by feeding the borrow and carry outputs 
to the count-down and count-up inputs respectively of the succeeding counter. 


absolute maximum ratings over operating free-air temperature range (unless otherwise noted) 


a C NS 
Supply voltage, Ver (see Note 1I 


e NNNM 
a | T ^ T v] 
Ooeraung tensırtemperauurerange O -55w12 — | sn — | 8 
ET | 85115 — — [| 85919 A 


NOTE 1: Voltsge velues ere with respect to network ground terminel. 














PRODUCTION DATA . 
This docemect contains information carrent as I 
ef publication date. podies conform to TEXAS 4-; 
per the terms of Texas ments "4 
ai nr reda prececuig fait INSTRUMENTS 
aet necessarily iaciude tasting at ali parameters. POST OFFICE BOX 225012 © DALLAS. TEXAS 75265 
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DAC0808/DAC0807/DAC0806 





APPENDIX L 


National 
Semiconductor 


DAC0808/DAC0807/ DAC0806 8- Bit DER Converters $ 


General Description 


The DACOBOS series is an &-bit monolithic digital-to-analog 
converter (DAC) featuring a full scale output current settling 
time of 150 ns while dissipating only 33 mW with +5V sup- 
plies. No reference current (Ingr) trimming is required for 
most applications since the ful! scale output current Is typi- 
cally +1 LSB of 255 Ipgr/ 256. Relative accuracies of bet- 
ter than +0.19% assure 8-bit monotonicity and linearity 
while zero level output current of less than 4 „A provides 
8-bit zero accuracy tor Irgf 22 mA. The power supply cur- 
rents of the DACO808 series are independent of bit codes, 
and exhibits essentially constant device characteristics over 
the entire supply voltage range. ®, 


The DACO808 will Interface directly with pdputit TTL, OTL 
or CMOS logic levels, and is a direct replacement for the 


Block and Connection Diagrams 


a - Lo 
At A2 A M M M M M 








q 


< 5. “ht 


MC1508/MC1408. For higher speed applications ! 
DACOB00 data sheet — ^ — T 


> 


Features. . 9 - 

& Relative accuracy: 10.19% error maximum a 

m Full scale current match: +1 LSB typ 

@ 7 and 6-bit accuracy available (DAC0807, DAC0606) 

@ Fast settling time: 150 ns typ 

a Noninverting Sale Inputs are TTL and CMOS compes- 
ble 

@ High speed multiplying input slew rate: 8 MA/us 

a Power supply voltage range: +4.5V to +18V 

& Low power consumption: 33 mW @+5V ` 





Dual-In-Line Package 












Order Number 
DACOBOB, DACOB807, 
or DACOBO6 
See NS Package 
Number J18A, 
M16A or N16A 
Ves TUM/5887-1 Ter view TL/H/5687-2 
Small-Outline Package 
| Ver AS 158 
Yap (*) A? 
Vary (=) A5 
COMPENSATION AS 
x Af 
en A3 
Ver A2 
D Al USD 
TU/H/5887 - 13 
Top View 
Ordering Information Ñ 
ACCURACY OPERATING TEMPERATURE ORDER NUMBERS 
RANGE | JPACKAGE(J16A) | NPACKAGE(N16A)° |SO PACKAGE (M16A 
8-bit —55'CsTAS t 125'C DACO808LJ |MC1508L8 
8-bit OCsTas+785°C DACOBOBLCJ | MC1408L8 | DACOBOBLCN ae DACOBOBLCM 
7-bit 0O’CsT,s+75°C DACOBO7LCJ | MC1408L7 | DACOBO7LCN | MC1408P7 DACOBO7LCM 
6-bit OCsTas +75°C OACOBOSLCJ | MC1408L6 | DACOBOGLCN | MC1408P6 DACOBOSLCM 





*Note. Devices may be ordered by using either order number. 
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APPENDIX L : 


ypsolute Maximim Ratings (Note) 


„unttary/Aerospace apecifled devices are required, Storage Temperature Range —65*C to + 150°C 

t contact the National Semiconductor Sales Lead Temp. (Soldering, 10 seconds) 
oisi Distributors for availability and mer Dual-In-Line Package (Plastic) 260°C 
peor Supply i 2’ Dual-In-Line Package (Ceramic) _ 300°C 

Voc "o ~ oe 18 Vpc . - Surface Mount Package E 
vÆ i Š ^» 718 Vpc Vapor Phase (60 seconds) . 215°C 
Input Voltage, V5-V12 _ —10Vpcto+18Voc . infrared (15 seconds) — — . ._ 200 
ut Voltage, V —11 Voc to + 18 V 
eet conr M Operating Ratings 
; Temperature Range Tmin < Ta < Tmax 
Minos Ampifer inputs, VIA, VIS Vcc. VEE DAC0808L —55°C < T4 < +125'C 
mer Dissipation (Note 3) - - - + 1000 mW DACOBOBLC Series i ' O<Ta < +75'C 
£50 Susceptibility (Note 4) ` TBD 


Electrical C artes | i 
gc = SV, Vee = —15 Voc, Vngr/R14 * 2 mA, DAC0808: TA = —55°C to + 125°C, DAC0808C, DAC0807C, DAC0806C, TA 
e (FC to + 75°C, and all digital inputs at high logic level unless otherwise noted.) 





Relative Accuracy (Error Relative ` 
to Full Scale lo) 
DAC0808L (LM1508-8). 
DAC0808LC (LM1408-8) 
DAC0807LC (LM1408-7), (Note 5) 
DACO806LC (LM1408-6), (Note 5) 
Settling Time to Within 1⁄4 LSB 
(Includes tp; y) 









H 
° 
© 
BAR R R 


Ta = 25°C (Note 6), 
(Figure 5) 


p.e, | PropagatonDelayTme — | Ta=25'C (Figures) | | æ | 100 | me 
a ee A E ———3À ppm/"c 











Digital Input Logic Levels 
High Level, Logic "1" 


(Figure 3) 
Low Level, Logic “0” Voc 
Digital Input Current (Figure 3) 
High Level Vin = 5V 0.040 
Low Level Vit = 0.8V e 003 —0.8 


- Reference Input Bias Current (Figure 3) | | 2l] 7-5 | 


Output Current Range (Figure 3) 
2.0 2.1 
2.0 4.2 


















Vee = -5V 
Vee = —15V, Ta = 25°C 
Vner * 2.000V, 
R14 = 100051, 
(Figure 3) 

(Figure 3) 
E; < 0.19%, Ta = 25°C 


>> 5153 











Output Current 












E 
a 
wo 


Output Current, All Bits Low 
Output Voltage Compliance (Note 2) 
Vee= —5V, Incr =1 mA 

Veg Below — 10V 


—0.55, + 0.4 Vpc 
— 5.0, +0.4 Vpc 
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APPENDIX L 


Electrical Characteristics (continued) 
(Vcc = SV, Vee = —15 Voc. Vnge/R14 — 2 mA, DACOBOB: Ta = -55°C to  125*C, DACO808C, DACO807C, DACON 
= 0C to +75°C, and all digital inputs at high logic level unless otherwise noted.) « 


Symbol Ere o e ON IP s r mua së 
SR!ggr Reference Current Slew Rate (Figure 6) 


Output Current Power Supply —5V S Veg S —16.5V — š 
Sensitivity 


Power Supply Current (All Bits _ (Figure 3) k: e 
Low) i | ES 
i 2.3 
Power Supply Voltage Range Ta = 25°C, (Figure 3) jas | so | 3 
Vee s: i 


Power Dissipation E sd 
All Bits Low Voc = 5V, Vee = —5V 33 170 na 
Voc = 5V, Veg = - 15V 106 305 mil. 

All Bits High i Voc = 15V, Veg = —5V 90 ma 
Voc = 15V, Veg = —15V 160 maq t 


Note 1: Absolute Maximum Ratings indicate limits beyond which damage to the device may occur. DC and AC electrical specifications do not apply when operates 
the device beyond its specified operating conditions. 

Note 2: Range control is not requred. 

Note 3: The maomum power dissapation must be derated at elevated temperatures and is dictated by Timax. Oja, and the ambient temperature, Ta. The memmun 
allowable power dissipation at any temperature i8 Po * (T juAx — TAJ/0,4 or the number given m the Absolute Maixmum Ratings. wtuchever is lower. Far fia 
device, Tax = 125°C, and the typrcal juncbon-to-ambient thermal resistance of the dual-in-line J package when the board mounted is 100°C/W. For the asp 
fine N package, this number increases to 175*C/W and for the small outime M package ths number is 100°C/W. 

Note 4: Human body model, 100 pF discharged through a 1.5 kN resistor. 

Note 5: All current switches are tested to guarantee at least 50% of rated current ae 
Note 6: Al bits switched. 

Note 7: Pin-out numbers for the DALOSOX represent the dualn-line package. The small outline package pinout differs from the dual-in-Ene package. 


- 












Typical Application 





Veg” -6V 


TUH/5687 -3 
FIGURE 1. + 10V Output Digital to Analog Converter (Note 7) 


.— = < 
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APPENDIX N E 


o Wide Range of Supply Voltages: 
Single Supply ... 3 V to 30 V 
(LM2902...3 V to 26 V), 

or Dual Supplies 


e Low Supply Current Drain Independent of 
Supply Voltage... 0.8 mA Typ 


e Common-Mode Input Voltage Range 
Includes Ground Allowing Dlrect Sensing 
- near Ground 


€ Low Input Blas and Offset Parameters: 
Input Offset Voltage ... 3 mV Typ 
A Versions... 2 mV Typ 
Input Offset Current... 2 nA Typ 
Input Bias Current... 20 nA Typ 
A Versions... 15 nA Typ 


e Differentlal Input Voltage Range Equal to 
Maximum-Reted Supply Voltege .... 32 V 
(26 V for LM2902) 


€ Open-Loop Differentlal Voltage 
Amplification . . . 100 V/mV Typ 


€ interne! Frequency Compensation 


description 


These devices consist of four independent, high- 
gain frequency-compensated operational 
amplifiers that were designed specifically to 
operate from a single supp.y over a wide range 
of voltages. Operation from split supplies is also 
possible so long as the difference between the 
two supplies is 3 V to 30 V (for the LM2902, 
3 V to 26 V), and Pin 4 is at least 1.5 V more 
positive then the input common-mode voltege. 
The low supply current drain is independent of 
the magnitude of the supply voltage. 


Applicetions include transducer amplifiers, d-c 
amplification blocks, and all the conventionel 
Operetional amplifier circuits that now can be 
more easily implemented in single-supply-voltage 
systems. For example, the LM124 can be 
Operated directly off of the standard 5-V supply 
that is used in digital systems and will easily 
Provide the required interface electronics 
wrthout requiring additionel + 15-V supplies. 


The LM124 is characterized for operation over 
the full military tempereture range of -55°C 
to 125°C. The LM2902 is characterized for 
operation from -40°C to 105°C, the LM224 
and LM224A from -25°C to 85°C, and the 
(M324 and LM324A from 0°C to 70°C. 


3 preceszieg dees net 
testing ef aii parameters. 


EXAS 
INSTRUMENTS 


LM124, LM224, LM224A, 
LM324, LM324A, LM2302 
QUADRUPLE OPERATIONAL AMPLIFIERS 


01990. SEPTEMBER 1975 — REVISEO JANUARY 1989 


LM124 ... OR W PACKAGE 
ALL OTHERS ... D. J, OR N PACKAGES 








(TOP VIEW) 
AMPL 
#1 
AMPL 
#2 
LM124 
FK CHIP CARRIER PACKAGE 
(TOP VIEW) 
| 5 5 1 
Zo 02 
BE ON S 
= w > w x 
3 2 T 20 13 
#1 IN+ (js 18] # 4 IN + 
NC U5 1? UNC 
Vcc [6 t6Ú GND 
NC |]? 15L | NC 
/21IN« [18 14(143 IN+ 


9 
= 
! 
= 
N 
= 


NC —No internal connection 


N3 OUT | 
K3 IN - [| 


symbol (each empllfier) 


INVERTING 

INPUT IN— 
NONINVERTING 
INPUT IN+ 


OUTPUT 


Ë Copyngnt Q 1979. Texas instruments incorporated 
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! Schematic and Connection Diagrams 


APPENDIX P 


National 
Semiconductor 





LM78XX Series Voltage Regulators 


General Description 


The LM78XX senes of three terminal regulators is available 
with several fixed output voltages making them useful in a 
wide range of applications. One of these is local on card 
regulation, eliminating the distribution problems associated 
with single point regulation. The voltages available allow 
these reguiators to be used in logic systems, instrumenta- 
tion, HiFi, and other Solid state electronic equipment. Al- 
though designed pnmanly as fixed voltage regulators these 
devices can be used with external components to obtain 
adjustable voltages and currents. 

The LM78XX senes is available in an aluminum TO-3 pack- 
age which will allow over 1.0A load current if adequate heat 
sinking iS. provided. Current limiting is included to limit the 
peak output current to a safe value. Safe area protection for 
the output transistor iS provided to limit internal power dissi- 
pation. if internal power dissipation becomes too high for 
the heat sinking provided, the thermal shutdown circuit 
takes over preventing the IC from overheating. 


Consideraole effort was expanded to make the LM78XX se- 
nes of regulators easy to use and mininize the number 





of external components. It is not necessary to bypass the 
output, although this does improve transient response. Inout 
bypassing is needed only if the regulator is located far from 
the filter capacitor of the power supply. 

For output voltage other than 5V, 12V and 15V the LM117 
senes provides an output voltage range from 1.2V to 57V. 

Features 

g Output current in excess of 1A 

W Internal thermal overioad protection 

8 No external components required 

W Output transistor safe area protection 

m internal short circuit current limit 

8 Available in the aluminum TO-3 package 


Voltage Range 


LM7805C SV 
LM7812C 12V 
LM7815C 15V 


Metal Can Package 
TO-3 (K) 
Aluminum 


OUTPUT GND 


INPUT 
TUM/7746-2 


Bottom Vlew 
Order Number LM7805CK, 


LM7812CK or LM7815CK 
See NS Package Number KCO2A 


Plastic Package 
TO-220(T) ~ 


mam) DUIPUT 
Mur — GND 


INPUT 


GN0 — 


TU/H/7748-3 
Top View 


Order Number LM7805SCT, 
LM7812CT or LM7815CT 
See NS Package Number T03B 


TU/H/7746-1 
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APPENDIX Q 


National 
Semiconductor 





LM79XX Series 3-Terminal Negative Regulators 


General Description 


The LM79XX senes of 3-terminal regulators is available with 
fixed output voltages of —5V, — 12V, and — 15V. These de- 
vices need only one external component—a compensation 
capacitor at the output. The LM79XX series is packaged in 
the TO-220 power package and is capable of supplying 
1.5A of output current. 

These regulators employ internal current limiting safe area 
protection and thermal shutdown for protection against vir- 
tually all overload conditions. 

Low ground pin current of the LM79XX series allows output 


voltage to be easily boosted above the preset value with a 
resistor divider. The low quiescent current drain of 





Typical Applications 


these devices with a specified maximum change with line 
and load ensures good regulation in the voltage boosted 
mode. 
For applications requiring other voltages, see LM137 data 
sheet 


Features i 
m Thermal, short circuit and safe area protection 
m High npple rejection 

m 1.5A output current 

m 4% preset output voltage 


t 15V, 1 Amp Tracking Regulators 






asst 
29u F TI 


OQ Vou: (*1 15V 


Dt 


1N400! 


O COMMON 


02 
1N4001 


OUTPUT TRIM 


TO -15.0V 


Load Regulabon at Al, = tA 


Output Ripple, Ciy = 3000 uF, i = 1A 


Temperature Stability 
Output Norse 10 Hz $ ! € 10 kHz 






Performance (Typical) 


Y Vour {-) 15V 





TL/H/7340-1 
{= 15) {+15) 
40 mv 2 mY 
100 u Vrms 100 y vrms 
50 mV 50 mY 
150 uVrms 150 uVrms 


*Resistor tolerance of R4 and A5 determine matching ol (+) and (-) 


outputs. 


**Necessary only if raw suppty filter capacitors are more than 3° from regu- 


lators. 
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APPENDIX R 


LM101A, LM201A, LM301A 
HIGH-PERFORMANCE OPERATIONAL AMPLIFIERS 


0961, OCTOBER 1979 — REVISEO JUNE 1988 














e Low input Currents — BiG, OF Gao ae 
(TOP VIEW) 
e Low input Offset Parameters 
e Frequency and Transient Response ` aaa apa š s Vea 
Characteristics Adjustable IN+ []3 6{] OUT 
e Short-Circuit Protection VEC- 5f] OFFSET N2 
e Otfset-Voltage Nuli Capability 
LM101A = 
"e No Latch-Up W FLAT PACKAGE 
e Wide Common-Mode and Differential Ce 
Voltage Ranges NC []: Viaj nce 
e Same Pin Assignments as uA709 NE 
COMP 
e Designed to be interchangeable with VCC + 
Natlonal Semiconductor LM101A and OUT 
LM301A OFFSET N2 
NC 
description 
The LM1Q1A, LM201A, and LM301A are high- LM101A 
performance operational amplifiers featuring very U FLAT PACKAGE 
‘ow input Dias current and input offset voltage (TOP VIEW) 
and current to improve the accuracy of high- 
imoedance circuits using these devices. The NC Yer 101) NC 
nigh common-mode input voltage range and the NI/COMP[]2 9a|)] COMP 
absence of latch-up make these amplifiers ideal IN — aLj VcC- 
for voltage-follower applications. The devices are N+ Us 2) OUT 
protected to withstand short circuits at the vcc- Lj5 — e[) OFFSET N2 
output. The external compensation of these 
amplifiers allows the changing of the frequency DIOR 
response (when the ciosed-loop gain is greater FK CHIP-CARRIER PACKAGE 
than unity) for applications requiring wider (TOP VIEW) 
bandwidth or higher siew rate. A potentiometer 
may be connected between the offset-null inputs 5 
(N1 and N2), as shown in Figure 7, to null out the 2 š 
offset voltage. S z ooo 
a 2 €« O Z 
The LM1014A is characterized for operation over OT 








the full military temperature range of —55*C 





to 125°C, the LM201A is characterized for NC p^ NC 
Operation from ~25°C to 85°C. and the LM301A IN — VCC+ 
IS characterized for operation from 0°C to 70°C. NC NC 
IN + OUT 
symboi NC NC 
9 
NONINVERTING F 
O IONO 
INPUT IN+ OUTPUT z 0222 
O 
INVERTING = 
INPUT IN— NC — No inlernal connection 
N1/ N2 
COMP 





= DATA document coataie iolormanoa 


ésta. P j Cogynght 9 1983 Texas instruments incorporated 
Penser par the rodacts coalorm to Xi 
Bata Uwe ef Toras lastrumeats TEXAS 

: . Pruéncuos a ^ 2 
nasse de omne delere Foi INSTRUMENTS 


POST OFFICE 6OX 656012 > DALLAS, TEXAS 75265 
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APPENDIX U 


DAC Voltage Out 
-15 VD 
+15 VDC 

+5 VDC 


+5 to Encoder 
Channel A 
Ground 
Channel B 


Switch to CLR 
Count to O 
(Normally Open) 


Switch to Preset 
Count to 128 
(Normally Open) 





ENCODER-ANALOG CARD PARTS LOCATION 


Navy Postgraduate School 
Monterey, CA 


J. P. Sargent 9-9-91 
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APPENDIX V 


+24 Vin 
GND +15 Vout 
Vout to Motor Amp 45 Vout 
Encoder Slgnal In -24 VIn 
Ref Signal In -15 Vout 





+5 VDC 
— Voltage Regulator 
Reference Signal 10K 
Null Offset +15 and -15 VDC 
Potentiometer Voltage Regulators 


Circuit Gain Adjustment 
Final Stage : 5K Ohm Pot 












Feedback Signal 
High Freq Gain Boost 
50K Ohm Pot 


Second Feedback 
Encoder Null 
Offset Pot 20K 





Encoder Unity 
Gain Null Offset 
Potentiometer 





AMPLIFIER CARD PARTS LOCATION 


Navy Postgraduate School 
Monterey, CA 


J. P. Sargent 9-9-91 
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22 cm BM — 
-a- 1/4 - 20 Nylon Set Screw 






O Aluminum 


1/8" Hole 1/2" Hole 1/8" Hole 


1 cm 1 cm 


TORQUE TEST BAR 


Navy Postgraduate School 


Monterey, CA 


J. P. Sargent 9-9-91 





91 


INITIAL DISTRIBUTION LIST 


Defense Technical Information Center 
Cameron Station 
Alexandria, Virginia 22304-6145 


Library, Code 52 
Naval Postgraduate School 
Monterey, California 93943-5002 


Professor K.E. Woehler, Code PH/Wh 
Chairman, Department of Physics 
Naval Postgraduate School 
Monterey, California 93943-5000 


Assoc. Professor D.S. Davis, Code PH/Dv 
Department of Physics 

Naval Postgraduate School 

Monterey, California 93943-5000 


Assoc. Professor D.L. Walters, Code PH/We 
Department of Physics 

Naval Postgraduate School 

Monterey, California 93943-5000 


Department of Physics Library 
Naval Postgraduate School 
Monterey, California 93943-5000 


Commandant (G-ER) 

U. S. Coast Guard Headquarters 
2100 Second St. S.W. 
Washington, D.C. 20593-0001 


LT. J.P. Sargent, USCG 

U. S. Coast Guard 

Research and Development Center 
Avery Point 

Groton, Connecticut 06340-6096 


92 











Thesis 


S16672 Sargent 


e 


A design, fabrication 
and test of a precision 
positioning servo drive 
for a multiplexed ima- 
ging system. 
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